Correct identification of Pratylenchus species is frequently vital in the Pacific Northwest (PNW) of North America as several species are economically damaging in this region including: P. penetrans (Cobb, 1917) Filipjev & Schuurmans Stekhoven, 1941 on raspberry (McElroy, 1977 Zasada et al., 2015) , potato (Hafez et al., 1992; Ingham et al., 2005) , and peppermint (Pinkerton et al., 1988) ; P. neglectus (Rensch, 1924 ) Filipjev & Schuurmans Stekhoven, 1941 and P. thornei Sher & Allen, 1953 on wheat (Smiley et al., 2005a, b) ; and P. crenatus Loof, 1960 on blueberry (Zasada, unpubl.) . Identification of Pratylenchus to species requires microscopic observance of subtle morphologic differences between adult females, which can be challenging even to a trained nematologist (Román & Hirschmann, 1969) . This process can be time consuming as morphological variations often occur even within species (Loof, 1978) . Proper identification of Pratylenchus species can be further confounded by a population comprising juveniles, which have few morphological diagnostic features. It is of importance to identify Pratylenchus to species because populations found in soil samples are typically an assemblage of more than one * Corresponding author, e-mail: amy.peetz@ars.usda.gov species that may vary in pathogenicity (Dickerson et al., 1964; Griffin, 1991; France & Brodie, 1996) .
The use of molecular techniques for Pratylenchus species identification is increasingly common and offers a potential avenue by which to identify individuals regardless of life stage. Several published PCR-based methods for the identification of Pratylenchus species are available (Al-Banna et al., 1997 Yan et al., 2008) . However, many of these methods target rRNA gene clusters (Table 1), which may produce confounding results due to the presence of highly heterogeneous clusters or clusters that contain only slightly dissimilar sequences (Al-Banna et al., 2004; De Luca et al., 2004) . A wide variety of effector genes have been found within the genomes of many plantparasitic nematodes, and these sequence data may provide a different area with which to target and identify plantparasitic nematodes to species (Haegeman et al., 2012; Rybarczyk-Mydlowska et al., 2012) .
A family of cellulose-degrading enzymes excreted by plant-parasitic nematodes at the time of feeding, and known as glycosyl hydrolase family 5 (GHF5), has been identified in plant-parasitic nematodes, including 
Pratylenchus (Gao et al., 2002 (Gao et al., , 2004 Karczmarek et al., 2008; Kyndt et al., 2008; Haegeman et al., 2010 Haegeman et al., , 2012 Rybarczyk-Mydlowska et al., 2012; Mokrini et al., 2014) . Of particular interest is a gene that encodes a cellulase, specifically β-1,4-endoglucanase, found within the GHF5. This cellulase gene (Smant et al., 1998) has been found in a myriad of plant-parasitic nematodes and provides valuable data with which to examine the evolution of the Pratylenchidae (Rybarczyk-Mydlowska et al., 2012) . Pratylenchus feed at each vermiform life stage and, as such, β-1,4-endoglucanase is a prime target for species identification as it is likely to be expressed throughout the life of the nematode. Here we report a new diagnostic PCR assay designed to target a portion of the β-1,4-endoglucanase gene of P. crenatus, P. neglectus, P. penetrans and P. thornei. The objective of this research was to develop a robust PCR-based diagnostic tool where a range of amplicon sizes are produced to enable the differentiation of Pratylenchus species commonly found in the PNW.
Materials and methods

Pratylenchus COLLECTION, REARING AND POPULATIONS USED
Pratylenchus crenatus and P. penetrans individuals were obtained from blueberry and raspberry fields in the PNW, respectively. Individuals were extracted from soil using the Baermann funnel method and from roots using intermittent mist (Ingham & Merrifield, 1998) . Following extraction, individual adult P. crenatus and P. penetrans females were transferred to sterilised carrot disks and incubated at 15°C and 26°C, respectively, in the dark for 3 months to establish pure cultures (Huettel, 1985) . After incubation, nematodes were extracted from carrots by cutting the carrot disks into small pieces and soaking in distilled water for 4 h. Nematodes from each carrot disk were kept in individual tubes until they were morphologically identified as P. crenatus (lateral fields with six lines, outer ones strongly crenate, vulva at 78-80%, and tail broadly rounded with distinctly annulated tip) or P. penetrans (lateral fields with four lines, labial region slightly offset from body, and tail generally rounded with a smooth tip) (Castillo & Vovlas, 2007) . Established pure cultures of P. neglectus and P. thornei on sterilised carrot disks were obtained from Dr G. Yan (Oregon State University Columbia Basin Agricultural Research Center, Pendleton, OR, USA) (Yan et al., 2008) . In addition, nine Pratylenchus species from different geographical locations (Table 2) were also included in this study.
To test the specificity of primers developed using pure cultures, soil and root samples were obtained from a variety of small fruit crops and wheat in the PNW with natural infestation by Pratylenchus spp. (Table 3) . Pratylenchus spp. were extracted from soil and roots as described above. Extracted nematodes were enumerated and ten individuals per population were collected for DNA extraction.
DNA EXTRACTION
A single nematode (n = 10 individuals for each species/culture/population) was placed in 10 μl of worm lysis buffer (WLB;10 mM Tris pH 8.2; 2.5 mM MgCl 2 ; 50 mM KCl; 0.45% Tween-20; 0.05% gelatin; 60 μg ml −1 proteinase K) and dissected in a sterile cavity slide (Williams et al., 1992) . Nematode segments were then mixed gently with an additional 10 μl of WLB, transferred to a 0.2 μl tube and subsequently frozen at −80°C for at least 30 min. The samples were thawed and 1.2 μl of 6.0 μg ml −1 proteinase K in molecular biological grade water was added. The samples were then incubated at 60°C for 60 min followed by a 15 min incubation at 95°C to denature the proteinase K. Samples were stored at −20°C until PCR was performed.
SPECIES-SPECIFIC PRIMER SELECTION, OPTIMISATION AND VALIDATION
All DNA sequences available in GenBank (NCBI, http://www.ncbi.nlm.nih.gov) for the β-1,4-endoglucanase gene from P. crenatus, P. neglectus, P. penetrans and P. thornei (as of December 2012) were obtained (JN052029, JN052030, JN052031, JN052032, JN52033, JN052034, JN052035, JN052036, JN052037, JN052038, JN052045 and JN052046). DNA sequences were aligned using Geneious version 6.1.6 (Biomatters). Primer sets for each Pratylenchus species were visually selected based upon differences within the alignment (Table 4) . Another criterion used for primer selection was amplicon size variation. Primer pairs were analysed for complimentary melt temperatures, GC content, hairpin, and homo/hetero dimers using Geneious. Efficacy of amplification was assessed via annealing temperature variation at 2°inter-vals from 56-66°C (data not shown). Primers were further validated for specificity by testing each primer set against separate DNA extractions from PNW populations Values are the number of individuals detected using species specific primers. Pc = β14Pcf2/β14Pcr1 primer pair; Pn = β14Pnf1/β14Pnr2 primer pair; Pp = β14Ppf1/β14Ppr1 primer pair; Pt = β14Ptf2/β14Ptr1 primer pair. a Slight, indistinct banding appeared on the agarose gel following electrophoresis. Values are the number of individuals detected using species specific primers. Pc = β14Pcf2/β14Pcr1 primer pair; Pn = β14Pnf1/β14Pnr2 primer pair; Pp = β14Ppf1/β14Ppr1 primer pair; Pt = β14Ptf2/β14Ptr1 primer pair.
Vol. 00(0), 2016 GCCAGTTCCACCACTCGTTGG F = forward primer; R = reverse primer. Fig. 1 . Agarose gel of PCR products obtained using species-specific primers designed from a β-1,4-endoglucanase gene for Pratylenchus species. Individual nematodes were used in the PCR. Lane numbers: 2-6 = P. crenatus specific primers; 8-12 = P. neglectus primers; 14-18 = P. penetrans primers; 20-24 = P. thornei primers; 1, 7, 13, 19 and 25 = DNA size markers; 2, 8, 14 and 20 = P. crenatus DNA; 3, 9, 15 and 21 = P. neglectus DNA; 4, 10, 16 and 22 = P. penetrans DNA; 5, 11, 17 and 23 = P. thornei DNA; 6, 12, 18 and 24 = non-template water control.
of P. crenatus, P. neglectus, P. penetrans and P. thornei (Fig. 1) . Primer specificity was further confirmed by testing each primer set against separate DNA extractions from several Pratylenchus spp. from the USA, Canada and Australia (Table 2) .
PCR AND VERIFICATION OF TARGET AMPLICONS
PCR reactions contained 2 μl of nematode lysate solution in a final volume of 25 μl. The PCR mixture included 11 μl sterile distilled DNase free molecular grade water, 10 μl HotMasterMix (2.5×) (5 PRIME), and 1.0 μl of each 10 μM primer (Table 4) . Each PCR was carried out using a Veriti 96-well thermal cycler (Life Technologies). Optimised thermal conditions for PCR amplification after an initial denaturation step (94°C for 2 min) were as follows: 35 cycles at 94°C for 45 s, 65°C for 90 s; final extension step at 65°C for 10 min. PCR products, 10 μl, were analysed on 1% agarose gels with ethidium bromide (1 μg ml −1 ) in 1× TBE. Gel purified PCR products (Qiagen) were cloned and sequenced using standard methods (Zasada et al., 2014) . DNA sequence data (Table 4) were aligned and assembled with Geneious version 6.1.6 using default parameters. Assembled sequences for each species were aligned with GenBank accessions to verify expected amplicons were obtained. Sequences obtained in this study were used as queries in a nucleotide blast search of GenBank to examine whether they were unique to each species based on available sequence data. Nucleotide diversity (π) (Nei, 1987) and its standard deviation were calculated using DnaSP (Librado & Rozas, 2009 ) for aligned sequences within each species to determine whether there were any significant differences among the sequence data generated in this study and data available on GenBank.
DNA from the ten individuals from a population of P. penetrans obtained from South Carolina did not amplify when tested with primers designed to target P. penetrans DNA. Individuals were examined for morphological characteristics (lateral fields with four lines, labial region slightly offset from body, and tail generally rounded with a smooth tip); these characteristics were found to be consistent with of P. penetrans (Castillo & Vovlas, 2007) . Genomic DNA from ten individuals from this population, as well as ten individuals from the PNW raspberry field population, was amplified in a PCR using degenerate primers ENG1 (TAYGTIATHGTIGAYTGGCA) and ENG2 (GTICCRTAYTCIGTIACRAA) (Kyndt et al., 2008) . Gel purified PCR products (Qiagen) ranging in size from 564 to 668 bp were cloned and sequenced using standard methods (Zasada et al., 2014) . Analysis of the sequences was as described above.
Results
PRIMER SPECIFICITY WITH PNW Pratylenchus
POPULATIONS
The primers β14Pcf2 and β14Pcr1 (Table 4) designed for P. crenatus amplified a 381 bp PCR product with DNA from P. crenatus but did not produce an amplicon with DNA from P. neglectus, P. penetrans or P. thornei (Fig. 1) . The primers β14Pnf1 and β14Pnr2 amplified a 293 bp PCR product with DNA from P. neglectus but did not yield a product with DNA from P. crenatus, P. penetrans or P. thornei. DNA sequences obtained from GenBank made necessary the inclusion of a degenerate base (C or A) in the forward primer, β14Ppf1, designed to target P. penetrans. The primers β14Ppr and β14Ppf1 (Table 4) amplified a 582 bp PCR product with P. penetrans DNA but did not produce an amplicon with DNA from P. crenatus, P. neglectus or P. thornei. The primers β14Ptf2 and β14Ptr1 amplified a 361 bp PCR product with DNA from P. thornei but did not yield any PCR products with P. crenatus, P. neglectus or P. penetrans.
A portion of a β-1,4-endoglucanase gene was amplified from DNA extracted from P. crenatus, P. neglectus, P. penetrans and P. thornei individuals. PCR products were cloned and two or three clones were sequenced from two or three specimens per species. Alignments of DNA sequence data obtained for each species in this study with previously obtained data indicated that each amplicon produced in this study was a piece of the β-1,4-endoglucanase gene. Unique sequences were submitted to GenBank (Table 4) . Heterogeneity was observed within the sequences reported here, among those found in GenBank, and between the new sequences and ones previously reported. Nucleotide diversity (π; Nei, 1987) within β-1,4-endoglucanase gene sequences of P. crenatus (π = 0.11), P. neglectus (0.02), P. penetrans (0.12) and P. thornei (0.14) was not significantly different (P > 0.10) in each test (data not shown).
PRIMER SPECIFICITY WITH Pratylenchus POPULATIONS OUTSIDE THE PNW DNA from Pratylenchus species from geographically disparate locations amplified the expected band size (Table 2) with the exception of two populations: P. penetrans from South Carolina and P. thornei from Australia. With P. penetrans from South Carolina, ten individuals from that population, along with ten individuals from the PNW for comparison, were cloned and between four and six clones per individual were sequenced. Nucleotide diversity (π; Nei, 1987) was not significantly different (P > 0.1) within and across sequence data generated from the South Carolina and PNW P. penetrans populations (data not shown). Further analysis of sequence data and potential nucleotide diversity of the P. thornei population obtained from Australia was not conducted.
The majority of DNA from other Pratylenchus species collected outside the PNW did not cross-react with the primers developed here, although there were several exceptions (Table 2) . Although a temperature gradient was performed to optimise annealing temperature of each primer set, some instances of non-target DNA amplification did occur. DNA from two out of ten P. agilis individuals and five of the ten individuals of P. brachyurus produced a slight, indistinct band of the size expected for amplification of target species (380 bp), when tested with primers designed to target P. crenatus. When tested with the primers designed to target P. neglectus, DNA from all ten individuals of P. agilis produced a distinct band of the size expected for amplification of target species (293 bp). Finally, DNA from one out of ten individuals of P. penetrans from a pure culture obtained from Canada produced a slight, indistinct band of the size expected for amplification of target species (380 bp) when tested using primers designed to target P. crenatus. DNA from the same individual did not, however, amplify when tested with the primers designed to target P. penetrans.
UTILITY OF METHOD FOR IDENTIFICATION OF Pratylenchus FROM FIELD SAMPLES
Pratylenchus populations were extracted from roots and soil collected from a variety of small fruit crops and wheat throughout the PNW. Pratylenchus crenatus was found in the majority of blueberry root samples collected from four fields, with the exception of a single nematode identified as P. penetrans in one field. Pratylenchus penetrans was found in all raspberry root samples collected from five fields with the exception of a single nematode from one field identified as P. neglectus. Finally, both P. neglectus and P. thornei were found in wheat roots sampled from three fields and wine grape roots collected from four vineyards.
Discussion
This is the first assay that differentiates four Pratylenchus species commonly found in the PNW of North America using molecular techniques based on amplicon size. The techniques described here obviate the need for adult nematodes to identify individuals to species. Additionally, the assay can be useful to researchers seeking quickly to verify the identity of pure cultures of any of the Pratylenchus included in this study, as was evident for a pure culture of P. penetrans from Quebec, Canada. We present a method that can effectively reduce turnaround time for diagnosticians; what was once a task taking 2-3 days has been reduced to approximately 3 h. This is not the first report of a species-specific PCR assay for the identification of P. crenatus, P. neglectus, P. penetrans and P. thornei (Al-Banna et al., 2004; Sato et al., 2007; Yan et al., 2008) . However, the methods presented here enhance the options researchers and diagnosticians have in that the primers designed here target distinctly different-sized amplicons for each of the Pratylenchus species. Given that our goal was to design products with different-sized amplicons, preliminary attempts at primer design within the D2-D3 region of rDNA for the Pratylenchus species included in this study were unsuccessful due to limited sequence variation.
The primers were tested against non-target Pratylenchus species to ensure specificity. It is important to note that these primers were not created for use in broader applications such as community analysis due to the possibility of detecting similarly encoded GHF5 cellulases in other organisms. Soil and root samples potentially contain a mixture of more than one Pratylenchus species (Olthof & Wolynetz, 1991; Hafez et al., 1992; Ingham & Merrifield, 1998; Yan et al., 2008) , as well as a variety of other plant-parasitic nematodes such as Meloidogyne hapla, Xiphinema americanum, Paratylenchus, Heterodera and Tylenchorhynchus (Converse & Ramsdell, 1982; Pinkerton et al., 1999; Smiley et al., 2004; Howland et al., 2013) . Moreover, controversy over the evolution of β-1,4-endoglucanase genes (Kyndt et al., 2008; Haegeman et al., 2012; Rybarczyk-Mydlowska et al., 2012) indicates that it may be a gene that is not highly conserved.
The results presented here support the theory of heterogeneity within the β-1,4-endoglucanase gene within Pratylenchus but, more specifically, heterogeneity across populations sampled from geographically disparate locations. Pratylenchus penetrans from South Carolina did not amplify with any of the primers described here. At first glance, the most obvious variation among the individuals was the length of the products (564-668 bp) that were produced using the Eng-1/Eng-2 primers. Further investigation into the exact sequence within the targeted region, following cloning and subsequent sequencing, revealed significant differences (only 59.5% similarity) between the sequence of the reverse primer designed to target P. penetrans and the sequence data observed from the P. penetrans population from South Carolina. Interestingly, there was insignificant diversity among sequences obtained from the P. penetrans population from South Carolina and the P. penetrans population from the PNW.
Interestingly, DNA from P. thornei obtained from Australia did not amplify with any of our primers. Further investigation into the sequence data of the β-1,4-endoglucanase gene found in the Australian population was not the aim of this study but the possibility that there are significant differences within the β-1,4-endoglucanase gene among populations obtained from different continents is intriguing. Perhaps further research would provide insight into the evolution of the β-1,4-endoglucanase gene in P. thornei worldwide.
Slight, indistinct bands of expected sizes appeared when DNA from P. agilis, P. brachyurus and P. scribneri individuals was tested against primers designed for P. crenatus for the former two and primers designed for P. ne-glectus for the latter. DNA from P. agilis individuals also amplified when tested against primers designed for P. neglectus. Previous phylogenetic analyses indicate conflicting relationships among these non-target Pratylenchus spp. depending on the region of the nuclear genome examined. Analyses based on sequence of the D3 expansion segment of the LSU rDNA gene strongly indicate that P. agilis and P. brachyurus are sibling species (Carta et al., 2001) . However, Subbotin et al. (2008) analysed a larger region of the LSU rDNA, including sequence previously analysed by Carta et al. (2001) , with results indicating that P. agilis and P. scribneri were sibling species distantly related to P. brachyurus and P. crenatus, which were also indicated as sibling species. Confounding matters further, results from an analysis of a partial alignment of the SSU rDNA indicated a sibling relationship amongst P. agilis, P. brachyurus, P. crenatus and P. scribneri (Subbotin et al., 2008) . Based on the conflicting nature of the phylogenetic relationships amongst the non-target species and the target species of the current study, we suggest that the primers presented here should be restricted to the identification and differentiation of the four species included in this study. Furthermore, these findings provide additional support for our recommendation that the primers presented here should be used to identify P. crenatus, P. neglectus, P. penetrans and P. thornei recovered from samples originating in the PNW.
The utility of this method was demonstrated by analysing Pratylenchus populations collected from five raspberry fields. An individual P. neglectus was identified from one of the fields. The remaining nine individuals were identified as P. penetrans. It is likely that a weed was a host for P. neglectus rather than the raspberry. It would be easy to assume that each individual was P. penetrans given that, in the PNW, this nematode is commonly found in raspberry fields (Gigot et al., 2013) . However, the method presented here provides rapid and potentially critical information for growers who need species-specific information in order to manage nematodes more effectively, regardless of the availability of a highly trained diagnostician.
The nucleotide diversity of a portion of the β-1,4-endoglucanase gene among Pratylenchus species examined in this study was not significant and the comparisons were made only on a portion of the cellulase gene, rather than on the entire coding region. As such, one final recommendation is that our primers be utilised to analyse individual nematodes.
In conclusion, we have developed a diagnostic PCR assay that can be used as an efficient tool for rapid diagnostics of Pratylenchus species recovered from soil and root samples originating from the PNW in any laboratory equipped for PCR.
